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ABSTRACT 
F o r  more  than two decades, observations of ionospheric 
radar  echoes at closely-spaced antennas have provided quanti- 
tative measures  of motions in  the upper atmosphere. Perhaps 
unintentionally, the theoretical  s t ruc ture  justifying this 
technique was developed backward, start ing with a powerful 
correlat ion description of the random echo amplitude (and 
phase) variations observable at the ground, from which, by a 
s e r i e s  of definitions, mean and random velocities and aniso-  
met r ic  s t ructure  parameters  are obtained. 
s t ructure  of the pattern was rigorously related to that near  
the ionosphere by the theory of diffraction, but the next links 
in this chain are l e s s  definite. 
which occurs  in a plasma resonance condition, yet has no satis- 
factory description. 
the question of wave -or -turbulence identification of the ionospheric 
i r regular i t ies  themselves,  and of the relationship of their  motion 
to that of the neutral  and ionized media in  which they occur.  
The random 
The radio scattering process ,  
Of m o r e  popular cur ren t  significance is 
The initiative for progress  in this f ield has devolved 
upon experiment, and new light should be shed on the questions 
by d i rec t  comparisons of spaced antenna measurements  against  
some techniques f ree  of these particular interpretive problems. 
The program of investigations reported here  includes 
activity on three major  components of the experimental problem: 
(a) development of what we judge to be a suitably competent 
measurement  system, the digitized multifrequency complex- 
amplitude Kinesonde; (b) refinement of a statist ically-rigorous 
procedure for correlation analysis of spaced-sensor measure  - 
ments; and (c )  completion of severa l  s e r i e s  of simulated and 
actual experiments. 
program conducted during the past  year  to compare E-region 
Kinesonde measurements with time -dependent neutral  wind 
profiles obtained by the meteor wind technique and again, over 
a broader range of altitudes extending into the F region, to  
compare the Kinesonde resul ts  against Thomson sca t te r  
measurements  of meridional ion drift.  
efforts were  conducted during 1970 in cooperation with the 
Centre National D'Etudes Des Telecommunications near  their  
Meteor Radar and Thomson Scatter s i tes  of Sens Beaujeau and 
St. Santin, France ,  respectively. 
with meteor  winds suggest that the Kinesonde technique, applied 
within the daytime E-region, observes the neutral wind profile 
directly; the standard 'point source'  correct ion appears  valid. 
In particular we repor t  on an experimental 
These two experimental 
A few ear ly  comparisons 
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Development of a System for Remote Sensing of 
Ion0 s phe r i c  Motions and Microstructure:  
The Kinesonde in France,  1970 
J. W. Wright, W. Plywaski andL.  S .  Fedor 
National Oceanic and Atmospheric Administration 
Boulder, Colorado 
Motivation and Objectives 
Our present  problem concerns the verification of a ground-based 
radio method for measuring turbulence and motions in the highatmosphere,  
between about 60 and 300 km altitude. 
known among ionospheric radio physicists and has been applied in a 
simple form for over 20 years ;  it involves comparisons of the 
randomly -varying amplitudes of ionospherically - r eflected radio 
pulses, among closely -spaced receiving antennas. 
radio frequency appropriately, the height range mentioned above may 
be examined. Over the past  yea r s  only a very few comparisons have 
been made of this technique with other sources  of upper atmospheric 
wind data, and, unfortunately, limitations of data handling have forced 
most  experimenters  to use relatively primitive versions of the radio 
spaced antenna experiment. 
The basic technique is widely 
By choosing the 
About two years  ago we began observations with a much elabo- 
rated version of this experiment, which we now call  the "Kinesonde". 
This instrument is fully digitized, observes at six freely-chosen 
frequencies (hence altitudes) simultaneously, measures  ver t ical  as 
well as horizontal motions, is mobile for field use,  and is supported 
by new and improved methods of data analysis.  
The large number of upper atmosphere workers  who a r e  familiar 
with this technique a r e  in common agreement that, despite its economy, 
long history,  versati l i ty,  and other advantages, too many uncertainties 
1 
of interpretation exist to permit  considering its wider use  until they a r e  
resolved (Hines, 1964). The existence of such uncertainties is not s u r -  
prising in  itself, because neither the nature of the ionospheric i r r egu-  
lar i t ies  (which serve  as t r a c e r s  of the atmospheric motions), nor many 
aspects of the radio scattering and diffraction processes  (by which the 
moving pattern is produced at the ground), are well understood. 
recent  years  a number of international bodies have recognized the need 
for an  objective comparison of this technique with other sources  of 
atmospheric wind data and have recommended that such experiments be 
performed. 
experiments with encouraging resul ts  but these opportunities are too 
intermittent and too limited in altitude to sett le the mat te r  decisively 
(Wright, 1968). 
. 
In 
We have undertaken comparisons with cer ta in  rocket 
Decisive tes t s  of the various interpretations which may be made 
of Kinesonde measurements  require  comparisons with techniques which 
are not only more  direct ,  but which offer height and t ime continuity, 
and resolution, comparable to the Kinesonde. The meteor  radar  
technique is recognized as satisfying each of these c r i te r ia  for d i rec t  
measurements  of the neutral  winds in the 80 - 120 km region, while the 
Thomson scat ter  method has  recently been used successfully to 
measure  ion drifts  between 120 -400 km. 
the most  advanced work is being done at two experimental si tes ( see  
map, r e a r  cover) in France  by investigators associated with the 
Groupe de Recherches 1onosph;riques (Spizzichino, e t  al. 1965; 
Spizzichino, 1967; Vasseur,  1969. Fo r  an  independent assessment  
see Lindeen, 1969). A comparison of the French Meteor Radar Winds 
and of their  Thomson Scatter ion dr i f ts ,  with Kinesonde measurements  
at the two French experimental s i tes ,  was our specific experimental 
objective of the past  year  reported here.  
In each of these techniques 
Comparative measurements  by the Kinesonde a r e  attractive from 
the standpoint of the French experiments as well. Although develop- 
ments are underway in  the hZeteor and Thomson Scatter programs to 
2 
prepare  additional s i tes  from which the total wind (or  drift)  vector can 
be measured,  at present  these experiments are limited to observing 
motions in one vertical  plane only. Thus, se r ies '  of colocated 
Kinesonde measurements  in three spatial dimensiohs could supply 
valuable additional data to the studies now underway i n  the French 
programs,  as well as information useful in planning the expansion of 
each facility. 
to the French programs strongly depends upon establishing first the 
interpretation of the Kinesonde measurements  e 
Of course it is recognized that the utility of these resul ts  
Origin and Support of the Experiment 
A t  the 1967 Assembly of the International Union of Geodesy and 
Geophysics in St. Gallen, Switzerland, a Symposium was held on the 
topic "Upper Atmospheric Winds, Waves, and Ionospheric Drifts". 
The International Scientific Radio Union (URSI) took advantage of the 
wide representation of workers  in this field attending the Symposium, 
to organize a working par ty  on Ionospheric Drift Analysis. This was 
the first organized attempt in recent yea r s  to confront old versions of 
the technique with new and to review possibilities of interpretation in 
the light of m o r e  d i rec t  observations of winds and waves at high altitudes. 
The principal collaborators in the present experiment agreed at the 
meeting that the intercomparison of techniques urged at the symposium , 
and la ter  by the working party, was a timely and worthwhile objective 
for their  respective experimental systems. 
tive involved transporting the Kinesonde to the experimental si te of the 
French Meteor Radar and again to the French Thomson Scatter facility; 
the initiative was therefore ours  to obtain the necessary program 
support and endorsements. 
The only practical  a l te rna-  
The National Aeronautics and Space Administration, since 1965, 
has supported our development of the Kinesonde and its associated data 
processing methods. 
for the continuation of that program during the past  year .  
The present  experiment was set as a pr ime goal 
3 
The North Atlantic Treaty Organization's Scientific A f f a i r s  
Division provided a Research Grant specifically to support the inter - 
national collaborative aspeccs of the experiment, following endorse - 
ment of our objectives by Prof.  C. 0. Hines (University of Toronto) 
and Prof.  B. R. Briggs (University of Adelaide). 
The U. S. Army Ballistic Research  Laboratories,  which has  
engaged the Kinesonde i n  support of chemiluminescent trail and Cesium 
ion cloud re leases  at high altitudes from gun-launched vehicles, 
arranged mil i tary sea  t ransport  for the experimental equipment. 
The U. S. Department of Commerce provided the vehicles, 
diesel  generator and secondary experimental equipment, and supported 
the two American collaborators. 
Other EuroDean CooDeration 
Other programs for the measurement  of atmospheric motions 
have been underway in  Europe for many yea r s ,  with organized co-  
ordination since a Regional Meeting on Ionospheric Research at Lindau 
(Harz),  June 1969. A preliminary list of participants is reprinted as 
Appendix V. We consider it an additional benefit of the timing chosen 
for our experiment that it could thus participate in a well-coordinated 
program of wind and drift  measurements  over the entire European 
continent. 
they be shared with the other participants of the program. 
It.is explicit in our plans for analyzing our resul ts ,  that  
Planning and Preparat ion 
The period 1967 - 1969 was one of 'shakedown' and continuing 
development of the Kinesonde; severa l  tasks  important to our objectives 
a r e  detailed in the Appendices I - I11 of this report .  A n  ear ly  but limited 
se r i e s  of observations with the system (Wright and Fedor ,  1969) demon- 
s t ra ted the compatability of Fedor ' s  (1967) 'statist ically-rigorous'  
correlation analysis with Kinesonde measurements  , providing evidence 
that meaningful height profiles of ionospheric movements, in 3 dimen- 
sions, could be obtained. 
4 
5 
c 
6 
Our determination to optimize the possibilities for comparing the 
Kinesonde measurements  with the French Meteor Radar and Thomson 
Scatter resul ts  implied, of course,  that the Kinesonde be located to 
observe the same ionospheric region in each case; in  particular,  the 
meteor  system employs inclined beams, so that no existing field si te 
would be available in  the desired region. 
of e lectr ical  power compatability and stability required that the 
Kinesonde t ravel  as a n  independent, self -sufficient system. Our 
laboratory made available a climatized laboratory trailer, t ractor  , 
and 32 Kw diesel  generator (figs. 1, 2). 
t rac tor ,  and generator were  used in  support of rocket and gun-launched 
experiments at Wallops Island and Eglin AFB, giving some confidence 
in  the dependability of the system. 
developments were  undertaken to obtain an  ionosonde capability within 
the Kinesonde, since this provides, via simple film recordings,  data 
from which the ionospheric electron density distribution is obtained. 
This, in turn, is necessary to determine the effective altitudes and 
height intervals of the Kinesonde measurements .  An example of an  
analog virtual height v. frequency recording (ionogram) obtained by 
the Kinesonde is shown in  fig. 3 .  
not achieved until the second half of the experiment in France ,  the 
E-region observations of the first half can be fully analyzed with con- 
trolled model profiles of the E-region. 
Fur thermore  , uncertainties 
In 1968/1969 the Kinesonde, 
During these exercises ,  initial 
While recordings of this quality were  
By far the greatest  problem in field deployment of the Kinesonde, 
The receiving as with any H F  sounding device, is the antenna system. 
antennas (described in Appendix 11) a r e  simple spaced probes, and 
except for the large quantities of t ransmission line and t e r r a in  required, 
they give only minor difficulties. 
other hand, is always a compromise among conflicting requirements 
of size,  ease  of construction, economy, efficiency, performance 
'f latness '  , and low -frequency cutoff. 
we undertook the design of a vertex-down, single -plane log-periodic 
dipole antenna; theoretical  calculations (by our colleague Dr.  M. T. Ma) 
The transmitt ing antenna, on the 
In preparation for this program , 
7 
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assu ran  
ns,  inside the laboratory trailer. The a 
ng its initial erection (fig. 5). 
esonde has  been designed to provide most  of 
ieve essent ia l  to the spaced antenna experim 
ime,  considering that the experimental c 
recording of the measurements ,  for wit 
ract ical  to satisfy the inherently sta 
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Kinesonde Data: (See Technical Details , Appendix 111) 
The Kinesonde records  in two modes. Analog film recordings 
(fig. 3 )  scan the total frequency range available (1 - 16 MHz) and pro-  
vide ionograms describing the s t ructure  of the ionosphere during 
experimental  sequences. 
analysis (Paul,  1967; Howe and McKinnis, 1967; Wright, 1967) to  
extract  detailed height profiles of electron density from ionograms , 
and this capability is fully used in analyzing the Kinesonde's second 
(and principal) mode of recording. 
We have developed special methods of 
In this second mode, computer -compatible digital tape recordings 
of the t ime variation of the amplitude and phase of selected ionospheric 
echoes a r e  made at six chosen frequencies and at 4 spaced antennas. 
Measurements are made on these 24 channels at an overall  commutation 
r a t e  of 100/second, o r  about 4/second on each channel, as shown in the 
diagram below. 
COMMUTATION PATTERN; 100 pulses /sec 
Kinesonde Channel Commutation Diagram 
When decommutated and plotted by a computer, single channels of the 
data typically resemble the examples of figure 7.  
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Fig. 9. Scaled ground plan of Kinesonde installation at chateau Bierre-16s -Semur. 
Variations of elevation less  than 2 me te r s  over entire plan. The log-periodic 
transmitt ing antenna was suspended on the 45m pylon, and s t re tched between 
the chateau and a large spruce t ree .  The receiving a r r a y ,  except for the North 
antenna, was placed near the surface of the lake. 
4 
The Kinesonde in France: Meteor Radar ComDarisons 
Site Selection and Installation: The Meteor Radar of the Centre 
National D'Etudes des Telecommunications employs beams inclined 
about 45O toward the eas t  (fig. 8),  and their  pattern, together with the 
statistics of meteor  occurrence define the "3 db" volume within which 
most  of the observed meteors  occur.  
110 km east of Sancerre  and about 56 km west  of Dijon; the horizontal 
projection of the region is about 69 km (EW)  by 32 km (NS). 
a field site anywhere within the 3 db area, and finally selected, in  the 
center of its northern half, the park of a chateau* in  the village of 
Bierre-16s-Semur, used in the summer  as a children's vacation colony 
by the Archdiocese of Dijon. 
purposes: 
smal l  lake which we selected for the antenna a r r a y  when it conveniently 
froze over during our initial surveys of the site. The flat surface of 
the lake aided a n  accurate  layout of the receiving antenna a r r a y  (fig. 10) 
and perhaps contributed slightly to its performance. 
This region is centered about 
We sought 
The s i te  (fig. 9 )  proved ideal for our 
The enclosed, nearly flat area 300 x 600 me te r s  included a 
The Northantenna of the 130-meter square a r r a y  was located on land at 
the front of the chateau, and provided easy access for special  experi-  
ments undertaken on antenna performance and inter -antenna coupling. 
A detail  of the North antenna is shown in fig. 11. 
l ines were  four equal 204.8 meter  lengths of RG9/U(50 n ) cable. 
varying distances to the Kinesonde, we have learned that equal cable 
lengths simplify phase and amplitude calibrations of the system. 
able lengths of RG58/U cable are used to supply 20 VDC to broadband 
R F  preamplifiers at each antenna. Table 1 (page 10) gives the measured 
locations of antenna locations, etc.  a t  Bierre-16s -Semur. 
The R F  t ransmission 
Despite 
V a r i -  
* The chateau, originally about twice its present  s ize  (front cover) 
was constructed in  1749 by the Marquis de Montigny, T reasu re r  for 
the Ducs de Bourgorgne. 
17 
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The t rac tor  and trailer were  stationed at the front of the chateau 
where we could take advantage of the 3 - phase 220/117 V. e lectr ical  
system of the chateau; switches at the diesel  generator permitted the 
chateau power to be used for all purposes (heat, light, troubleshooting) 
except during actual data collection. 
Bids for erection of the transmitt ing antenna tower were  requested 
of two f i rms  in Paris and two others  in Dijon. 
highest and lowest, respectively (at $250 and $2,000, respectively), 
with the Paris bids falling neatly into binary positions of $500 and $1,000. 
In the end, the lowest bidder actually billed us  at about half his estimate,  
since we were  able to help him complete the work in  l e s s  than one day. 
The la t ter  two were  the 
The transmitt ing antenna itself was suspended between the chateau, 
the 45m tower, and a large (28m) spruce t r ee ,  thus reducing the need 
for excessively long ropes from the ends of the higher (longer) antenna 
elements to the ground. 
satisfactory, particularly considering the deliberately long (130 m ) 
t ransmission line which was intended to minimize the parasi t ic  coupling 
among the receiving antennas via the transmitt ing antenna. 
The completed s t ruc ture  (fig. 5) proved very 
Unfortunately, a severe  windstorm brought down our 45m tower 
in  mid-February,  and af ter  unsuccessful attempts to make r epa i r s ,  we 
constructed a broad-banded (kite -shaped) dipole, 160 m e t e r s  long, 
between another t r e e  and the chateau. 
inferior to the LPA,  this antenna permitted successful data collection 
throughout the remainder of the experiments at Bierre-16s -Semur. 
Although probably some 15 db 
Data Campaigns: The schedule of the Meteor Radar program, 
to which the Kinesonde adhered during this period, provides for one 
10-day campaign each month. The Kinesonde was not operational for 
the December 1969 campaign, 10 - 19 December (our first tes t  record-  
ings were  made 21 December),  but successful measurements  were  made 
during the campaigns of 26 January - 6 February,  18 - 27 March, and 
\ 
19 
Fig. 1 1 .  Detail of North Receiving Antenna Construction. Two 15 -meter lengths of 
3 -cm open-wire transmission line form the dipole antenna, connected directly to 
200:50  0 balun transformer, thence directly to broadband RF  preamplifier (gain 9db). 
R F  transmission line (heavy cable) of RC9/U 50 R coax is 204.8 meters in length for 
each of 4 receiving antennas, regardless of position. 
(20 V,  40 mA) i s  supplied over variable length of RG 58/U cable. 
DC power for amplifier 
21 - 30 April. 
during all campaigns. 
except for  sporadic E (rare  in winter nighttime) no nighttime E-region 
radio reflections a r e  possible even at the lowest Kinesonde frequency 
(1.025 MHz). 
sporadic E layers  were  found. 
Figure 12 provides a detailed key to the data coverage 
Very little data were  obtained at night, since 
We did, however, obtain a few recordings at night when 
0 
91.924 
2 
204.8 
A schedule of pr ior i t ies  has been established for the analysis of 
the data from these campaigns, based upon selecting the potentially most  
informative sequences for first attention. 
quality of the meteor  data is the background noise level, mos t  of which 
is attributable to F-region backscatter; this, of course,  var ies  with 
t ime and from day to day. 
the ionospheric conditions (as shown by the ionograms) vary  considerably 
in  complexity from day to day, and much of this complexity must  be 
attributed to the very motions under observation. 
to progress  from sequences of simple,  smooth E-region variation to 
those in which layers  of sporadic E frequently occur.  
resu l t s  from the first priority days a r e  given at the end of this report .  
The principal factor in the 
From the standpoint of the Kinesonde data, 
Thus it seems  better 
A few very ear ly  
91.924 
0 
0 
1 3Z0 
204.8 
X m e t e r s  
Y me te r s  
Z me te r s  
Orientation, 
E of Nmag. 
Cable length, m 
Table 1 
S 
0 
-9 1.924 
0 
132O 
204.8 
W 
-9 1.924 
0 
0 
132O 
204.8 
LPA 
135.0 
147. 5 
t2 
42O 
3rigin at 47O 25' 18" North 
Azimuth, origin to LPA Tower, 
Magnetic Declination -4.284O E of Ngeog. 
Magnetic Dip 63O; Electron Gyrofrequency at 200 km 1.84MHz. 
4O 18B 47" East, 350 me te r s  > MSL. 
37.8O E of Nmag. 
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The Kinesonde in France: Thomson Scatter Comparisons 
Site Selection and Installation: Immediately following the last 
recording at B ie r r e  -16s -Semur , we began dismounting that installation 
and packing for t ransport  to the Thomson Scatter si te at St. Santin de 
Maurs (Cantal). A planning visit  to St. Santin had convinced us  that we 
could not do better than to locate the Kinesonde at the Thomson Scatter 
t ransmit ter  s i te  itself: 
of severe  interference to the Kinesonde from their strong R F  field, but 
the obvious economy and convenience of a prepared site,  and simplified 
communications were  compelling. The hilltop te r ra in ,  while not ideal 
for the spaced-antenna type of measurement,  was felt  to be better than 
the valleys nearby where reflections from the hillsides might affect our 
measurem ents . 
The only ser ious disadvantage was the possibility 
The geometry of the Kinesonde-Thomson Scatter experiment i s  
shown by fig. 13 .  The beam of the scatter t ransmit ter  is ver t ical  and 
it defines the volume within which the Thomson scat ter  measurements  
occur. The receiver  300  km to the North scans this volume in altitude. 
The common volume of the two antennas is about 5 km wide by 13  km 
thick, at 3 0 0  km altitude, and of course diminishes with decreasing 
altitude. 
the first f resnel  zone for the frequencies and altitudes of measurement  
by the Kinesonde. 
This horizontal extent is remarkably s imilar  to the width of 
The limited flat a r e a  of the hilltop was much too smal l  for the 
122-meter square receiving a r r ay .  
the relative antenna positions is important in analysis of the data, while 
the regularity of the square is not, we undertook an  approximate layout 
with compass and measurement  chain following the contours of the land. 
We then engaged a professional surveyor to measure  the actual positions 
of the antennas, including their relative altitudes. 
important since height differences among the antennas will introduce 
phase differences 2 n A z / h  in the data, Table 2 gives the measured 
locations of the Kinesonde antennas a t  St. Santin. 
Since only a precise  knowledge of 
The la t ter  a r e  
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Fig. 15. Surveyed Layout of Kinesonde Installation at St. Santinde Maurs 
The two curved reflectors and Transmitter Building repre- 
The "Dipole" and "5th" antennas 
(Cantal). 
sent the permanent Thomson Scatter installation of the Centre National 
D'Etudes Des Telecommunications. 
were only temporarily installed for a short, secondary Kinesonde 
experiment. 
trailer and receiving ar ray  were in place May-Aug. 1970. 
ing antenna locations are projected on a horizontal plane; actually, the 
E, S ,  and W antennas were at altitudes of -10. 1,  -4.7,  and t 5 .  1 meters 
relative to the N.  antenna. 
The Kinesonde LPA transmitting antenna, laboratory 
The, receiv- 
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\ 
Paramete  
X (me te r s )  
Y 
Z 
Orientation 
E. ofN. Geog 
Cable length 
m e t e r s  
I I  
I '  
N 
203. 63 
206.79 
65.88 
156O 12' 
204. 64 
Table 2 
E 
223.20 
85.58 
55-71 
156O 52' 
204.80 
S 
102.93 
63.84 
61.41 
156O 38' 
204.72 
W 
84.47 
184.17 
70.97 
1570 10' 
204.72 
LPA 
42.2 
126.0 
61.5 
49O 26' 
10 
Dipole 
111.5 
-32.0 
71 
325O 47' 
150 
Origin at 44O 38.87' N, 2O11.38' E; 
relative altitude at origin 62 m e t e r s  (362 m e t e r s  > MSL). 
l'5th'' 
54.5 
26. 5 
61 
1570 47' 
204.72 
Bearing, L P A  to dipole, (=  bearing West to 5th Antenna) 
Distance LPA to dipole (centers )  161. 3 m e t e r s  ( = W e s t  to "5th" distance) 
191. 17 deg. 
In planning our  installation at St. Santin it was anticipated that the 
LPA antenna, on its 45, tower, would be left in place af ter  our departure  
for use  with the French ionosonde maintained at the station. 
severa l  additional constraints on our installation: a more  secure  con- 
struction was necessary for a 'permanent '  antenna, and a l l  r i sk  of 
either mechanical o r  radiation interference to the large ref lectors  of 
the Thomson Scatter system was to be avoided. 
is composed of limestone, which outcrops through thin topsoil. 
spent severa l  days with a i rhammers  to prepare for the concrete tower 
and guy anchor footings. 
damaged at Bier re  -14s -Semur by the February s torm,  had been flown 
to Wiesbaden, Germany through the kind cooperation of the Wyoming 
Air National Guard. 
(figs. 14, 15) af ter  just  11 days of effort including layout, a i rhammer  
and cement work, tower erection, antenna assembly,  system and 
This placed 
The hill at St. Santin 
We 
Six new tower sections, to replace those 
The installation was complete and operable 
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Table 3 
Date (1970) 
27 May 
28 May 
\ 
9 June 
10 June 
26 June 
27 June 
7 July 
8 'July 
21  July 
22 July 
4 Aug. 
5 Aug. 
18 Aug. 
19 Aug. 
Day Night 
Transit ion Level Complete Prof i les  
- - - - -  Complete Prof i les  - - - - -  
E - r e  gion 
E t F  
E t F  
Transition Level Complete Prof i les  
- - - - -  Complete Prof i les  - - - - - 
F -region Gradient, High Alt. 
- - - - -  Gradient, High Al t .  - - - - -  
E-r  egion Complete Prof i les  
- - - - -  Complete Profiles - - - - - 
E t  F F - r e gion 
- - - - -  F-region - - - - -  
Transition Level Complete Prof i les  
- - - - -  Complete Prof i les  - - - - - 
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Type 
1) F-region 
2) Gradients 
Table 4 
Types of Observation Program 
St. Santin - Nanc9y Thomson Scatter 
3 ) E + F  
4) Complete Profiles 
5) Transition 
6) E-region 
Approx. Cycle Time Altitudes (Km) 
20-30 minutes 200, 225, 250, 275, 300, 
(325), 350, 400, (450). 
50 - minutes 200 to max. accessible; 
Region F+ 500, 550, 600, 
700. 
40 - minutes 
60 - minutes 
40 - minutes 
40 - minutes 
100, 120 + F-region. 
100, 120, 135, 150, 165, 
180, 200, 225, 250, 275, 
300, (325), 350, 400, 450. 
100, 120, 135, 150, 165, 
180, 200, 225, 250. 
95, 100, 105, 110, 120. 
Note: Observations are impossible i f  the electron density is 
I: 5 x 10 ( F  region) o r  I: 2 x 10 (E region). Therefore,  
programs 5) and 6) a r e  impossible at night, and 
programs l) ,  2), 3), 4) terminate in general near 
275 km. 
4 4 
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diesel-generator checkout. This was much shorter  than the t ime 
required at Bierre-16s Semur,  and i l lustrates  the advantages of a 
prepared site and appreciable prefabrication. 
The t imes and durations of the seven Thomson Scatter data 
campaigns conducted jointly with the Kinesonde a r e  described in  
Tables 3 and 4, and the final observing program is shown in fig. 12. 
Coordination of the two systems to a s s u r e  measurements  near  the 
same height and t ime posed a problem. The height of measurement  
was dependent in a variable manner on the integration t ime required 
by the Thomson Scatter system to attain a prescr ibed ratio of signal 
to noise. 
500 km to 90 km i n  25 km steps),  requiring 40 - 70 minutes for each 
height profile. 
be read  out directly,  but the dwell-time at a given height can only be 
estimated in real time. On the other hand, no useful estimate of the 
real height of measurement  (in the F-region) can be made in  r ea l  
t ime at the Kinesonde, as this information can only be recovered 
later from the electron density-height profile. 
coordination of the two kinds of measurement  was simplified by the 
ability of the Kinesonde to observe 3 - 6 heights simultaneously 
(depending upon the use  of the frequency pat tern to obtain ver t ical  
components of motion), but we sti l l  felt it desirable to choose 
Kinesonde frequencies for reflection at nearly the same altitude as 
the Thomson Scatter measurements  whenever possible. An account 
of the degree of correspondence actually achieved awaits completion 
of the electron density profile calculations. 
The system scans downward in altitude (typically from 
The preceding and present  heights of measurement  can 
The t ime -height 
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Other Experiments 
A number of other Kinesonde experiments were conducted 
between the Thomson Scatter campaigns at St. Santin. 
a) Antenna coupling: A study underway by L, S. Fedor in 
this laboratory suggests the probable importance of coupling among 
spaced receiving channels in  leading to erroneous velocity values. 
Some radiation coupling will  exis t  among antennas in  the same R F  
field, dependent upon the level of isolation between the antennas; other 
coupling might be introduced, in a carelessly designed system, within 
the signal-processing portions of the equipment. , W e  undertook, 
therefore,  to  measu re  the internal and external isolation of the 
Kinesonde receiving channels. 
antennas disconnected, and the antenna inputs properly terminated) 
was in  excess  of 70 db between channel pairs ,  independent of frequency. 
The external isolation, between the antennas them selves,  was smal le r  
but still negligible: it var ies  with frequency (and antenna pa i r )  in the 
range 50 - 70 db. The measured values have been found to be in good 
agreement  with an antenna-theory calculation, and we feel confident in 
concluding that coupling cannot be a significant factor in the analysis of 
the Kinesonde data. 
The internal isolation (i. e. , with 
b) A point-source test: Our earliest attempts (Wright and 
Fedor ,  1969; Wright, 1968) to compare spaced-antenna measurements  
against  ionospheric motions obtained by more  direct  methods suggested 
that the factor of 0. 5 commonly applied to the measured velocities from 
the radio experiment, to co r rec t  for the 'point source'  nature of the 
t ransmit ter ,  might be invalid. 
principle is to switch rapidly between two spaced transmitt ing antennas. 
The echo pattern should be oppositely displaced (in direction and d i s -  
tance) to the displacement of the transmitt ing antennas i f  the point 
source effect is valid, but should not change i f  the ionosphere responds 
a s  i f  illuminated by a plane wave. 
A d i rec t  experimental tes t  of this 
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We erected a provisional transmitt ing antenna (dipole, fig. 15) 
at a distance of 161.3 me te r s  bearing 195. 50° from the LPA, and 
constructed a vacuum switch driven in such a manner that the even- 
numbered full cycles of the 6 frequency x 4 receiving antenna 
commutation pattern would employ the LPA, while the odd-numbered 
cycles would employ the second antenna. 
receiving channels in  the Kinesonde, at the sacrifice of half its normal  
t ime resolution; except for the most  rapidly fading cases ,  this causes  
no difficulty. By analyzing either the odd o r  even cycles alone, for a 
single frequency (or  frequency pair) ,  the usual correloid description 
of the drifting diffraction pattern will be obtained. The odd and even 
cycles should give the same result ,  at least  within their statist ical  
confidence l imits.  
ing odd and even cycle channels in  a single correloid analysis, and 
as signing antenna coordinate locations appropriate to either the "point - 
source" o r  "no-point-source" expectations. Since the dipole- t  LPA 
This in effect provides 48 
The 'point source'  test is then performed by mix- 
direction i s  not repeated among the pa i r s  of receiving antennas ( see  
fig. 15), the foregoing experiment does not easily facilitate d i rec t  
demonstration of the pattern shift expected of the point source effect, 
but it does accomplish what is much more  important for our present  
purposes: it t es t s  whether the pattern shift expected from a t r ans -  
mit ter  displacement en ters  the time-averaging correloid analysis 
process  in a manner consistent with the correlation properties of the 
unshifted pattern. Nevertheless a m o r e  direct  demonstration is also 
desirable,  and for this reasons,  in a second se r i e s  of trials, a "5th" 
receiving antenna location was established on a vector from the West 
antenna. 
antennas alone as the t ransmit ter  was switched as before. 
upon the order  in which the antennas a r e  switched and, again, on the 
channel pa i r s  compared by c r o s s  correlation, the experiment will 
provide severa l  decisive demonstrations of the pattern shift (or  of its 
absence ) e 
Ionospheric recordings were  made comparing these two 
Depending 
3 2  
Ear lv  Results: 
There a r e  two principal phases to the study of the reduced data 
from this program and they apply with only differences of detail to the 
Meteor and Thomson Scatter campaigns: First, it is essential  to  
establish a basis  for interpreting the velocity and s t ructure  parameters  
obtained from Kinesonde measurements .  This was, of course,  one of 
the principal motivations of the program at the outset. 
desirable  to combine the resu l t s  in time-dependent height profiles of 
atmospheric motions, permitting consideration of the scales  of motion 
in 3 spatial dimensions. Because the periods of observation were  
coordinated among workers  over the entire European continent ( s ee  
Introduction and Appendix V ) these campaigns can hopefully lead to 
descriptions of motions at high altitudes of unprecedented extent. 
Next, it is 
At present  the three groups closely collaborating on the 
Kinesonde experiments in France  are heavily engaged in reducing 
their  data from the campaigns of 1970, and comparisons among them 
are only just  now becoming possible. 
data sample invariably leads to new ideas, changes of strategy, and 
shifts of emphasis as the analysis proceeds,  the first resu l t s  mus t  
always be considered with caution. Thus, in  the first analysis of the 
Kinesonde data we solve for two -dimensional (horizontal) components 
of motion only. When V z  is smal l  compared to VN and VE (usually 
the case  in the E-region),  the resulting e r r o r  on the horizontal com-  
ponents is a l so  small;  as ide from a considerable saving in computer 
t ime, the analysis i s  simplified since electron density profiles a r e  
not required for two dimensional analyses.  
Since experience with a new 
Appendix I11 provides examples in figs. 111-1 through 111-5 of 
some of the s teps  involved in analyzing Kinesonde observations, using 
as examples the observations made in France. 
(fig. 111-6 a three-dimensional example) in a summary of the motion 
and s t ructure  parameters  for each recording and each choice of 
frequency o r  frequency pair .  
These culminate 
3 3  
100 
"N 
50 
U 
0 
0 
W 
v, 
\ 
a) 
C O  
2 
r" -50 
c 
-100 
-150 
"E 
0 
U 
0 u
0) 
v, 
\ 
W 
c -50 
e 
c 
r" -100 
- K INESONDE RESULTS ( V I 2 1  
30 January, 1970 
h(St. Santin), cos X Corrected - 
1 
-150 - 
1 
08 09 IO I1 12 13 
Universal Time 
Fig. 16. Time variations of the North (top) and East (bottom)components of half 
the mean drift velocities observed at three heights simultaneously by the 
Kinesonde, 30 January 1970. 
deduced from electron density profiles, are noted for each plotted value. 
polated variations for 9 5 ,  100, 105,  and 110 km are shown by continuous lines. 
Heights of reflection of the Kinesonde frequencies, 
Inter- 
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A sequence of Kinesonde resul ts  from 30 January 1970 is shown 
in figure 1 6  in a form which brings out the t ime variations which may be 
identified at fixed altitudes when spaced antenna measurements  a r e  made 
at m o r e  than one frequency simultaneously. At each t ime (horizontal 
scale) 3 pai rs  of Kinesonde frequencies give values of the North (top) 
and East (bottom) components; the usually sma l l  vertical  component is 
a l so  available, but this analysis s tep has  not yet been performed. 
Generally three heights a r e  observed simultaneously, but these vary 
with the chosen frequencies and with the heights of the corresponding 
electron densit ies,  which themselves vary with the t ime of day; in te r -  
polation may therefore be performed to recover  the variation at fixed 
heights. This i l lustrates  a point made at the beginning to  explain the 
motivation for the Kinesonde: a fixed-frequency spaced antenna experi-  
ment cannot provide motion measurements  at even one known height, 
in a changing ionosphere. 
Even when our attention is rest r ic ted to the study of a single 
wind component (UE, as in the meteor  wind comparison case)  the needs 
for interpolation in height and t ime pose problems of comparison. 
Perhaps the most  simple way to examine the agreement  between our 
ear ly  resul ts  is given in the height profiles of fig. 17. These show 
smoothed profiles (continuous curves)  of UE from the meteor  data 
(Spizzichino, private communication), together with values of VE 
derived from the Kinesonde observations. Results spanning 1 o r  l h  
hours a r e  grouped together; these include all of the Kinesonde obse r -  
vations from the initial "priority day", January 31, 1970. 
Confidence l imits shown on each Kinesonde value of VE a r e  
estimated in the Correloid Analysis process .  
ra ther  involved (Fedor ,  1967), but an indication that the confidence 
l imit  magnitudes are plausible has  been obtained by a simulation study 
as an  incidental to a validation of the parameter  estimations by C o r -  
reloid Analysis (Pitteway, et al. 1971). 
l imits  on V grow approximately l inearly with the estimated random 
This estimation is 
It is found that the confidence 
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Fig. 17. Height profiles of half the East Component of horizontal drift 
observed by the Kinesonde, grouped in three periods of 3 1  January 
1970, together with meteor wind profiles for the same time periods. 
3 6  
velocity component, Vc ; thus the confidence l imits in fig. 17 should 
be interpreted as an  indicator, not simply of the estimated e r r o r  on V, 
but of the variability about the mean velocity in  each case.  
Each value of VE (and its associated confidence l imits)  plotted 
in these figures represent  half of the value obtained by correlation 
analysis. 
that the ionospheric scattering process  sees  the t ransmit ter  as a 
"point source", and we have applied the correct ion he re  despite ea r l i e r  
resu l t s  (Wright, 1968) suggesting that it might not be applicable. 
first resul ts  from the present  series shed new light on the question 
(see below), and in  either case  it has seemed better to use  a standard 
interpretation ra ther  than prejudice a n  eventual discussion of the 
-
This is the conventional correct ion applied on the assumption 
Our 
problem using data from the entire program. 
The principal'difficulty apparent in  fig. 16  is that the two types 
of measurement  do not often overlap in  altitude. Meteor resul ts  through 
105 km (and occasionally to 110 km)  will be available la te r ,  but they are  
not analyzed in the first computer examination of the meteor  data, as 
their  short  duration hinders their discrimination from noise. 
In the three  examples of fig. 17, there  is generally good ag ree -  
ment  in  both the height and t ime variations of the Kinesonde and meteor  
wind profiles. 
sponding heights and t imes is quite good - -  generally to within half the 
confidence interval  on the Kinesonde result .  This in itself is an indi- 
cation that the confidence interval  is mainly controlled by the variability 
of the measured motions, and that even the variabilities sampled by the 
two experiments may be correlated.  
Where the data do overlap, the agreement at c o r r e -  
In a last example, fig. 18 shows the data of fig. 16 compared with 
the currently available meteor  data. 
the Kinesonde have been divided by two to accommodate the point source 
effect, and this figure presents  perhaps the most  convincing evidence yet 
available that the Kinesonde experiment observes the E-region neutral  
wind directly. 
Again, the velocities observed by 
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Appendix I. Kinesonde Technical Description 
The Kinesonde is a specialized ionospheric sounding system 
derived by modification from a Granger Associates Model 1904 s tep-  
frequency oblique -incidence "Skip-Finder" sounder. 
modifications were  undertaken by the Lowell Technological Institute 
Research  Foundation in accord with our specifications for a n  advanced 
digitized vers ion of the spaced antenna experiment. 
control, frequency conversion (down by a factor of 1/4 from the 
Granger 4 - 64 MHz system), frequency resolution, and data format  
design features were  developed by LTIRF in 1967. 
necessary improvements and developments have been undertaken by us  
since then. 
The original 
The basic digital 
A number of 
A functional diagram for the Kinesonde appears  in  figure 6, 
which a l so  contains some of the principal performance specifications. 
In the following paragraphs the main inter -unit relationships and 
operational features  a r e  explained with reference to figure 6 (Part 1). 
Description of Principal Functions 
Frequency synthesis: The required continuous sine -wave 
frequencies a r e  coherently synthesized in the Fixed Frequency 
Synthesizer (FFS)  and in the Variable Frequency Synthesizer (VFS) 
units from a 1. 0 MHz Master  Oscillator (MO). 
stability is that of the MO and is better than t - 1 par t  in l o 9  over a 
24-hour period. 
Overall frequency 
The F F S  supplies (a) the receiver  with several  fixed Local 
Oscillator (LO) functions, 
A-band Intermediate Frequency (IF, ) of the receiver ,  ( c )  the Timing 
unit with 100 kHz, and (d) the VFS with 1 .0 ,  0. 1, 
(b) the Frequency Translator with the 
and 0.01 MHz. 
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The VFS produces any one of 1600 frequencies required for  the 
1st LO rece iver  function in  four octave-related bands. 
relationship provides the required band-to -band coherence. 
is the directly-synthesized octave, while the LO, is derived from it by 
multiplying LO, by two; LO, and LO, are derived by successive 
This octave 
The LO, 
division by two. 
The four octaves of the operating frequency (RF) ,  LO, d iscree t  
(unit) frequency steps ( A f ) ,  and the 1st IF'S of the receiver  are shown 
in the table below. 
Band 
A 
B 
C 
D 
Table 1-1 
1.0125 - 1.9875 
($1 RFC 
2.025 - 3.945 
(Q, RF, 
4.05 - 7.95 
RFC 
8.1 - 15.9 
2 RF,  
L. 0. 
MHz 
3.75 - 4.725 * LO, 
7 .5  - 9.45 
Q LO, 
15.0 - 18.9 
30.0 - 37.8 
2 LOc 
L f  
kHz 
2.5 
5 
10 
20 
1st Receiver IF, 
MHz 
2.7375 
2 IFc 
5.475 
+! 1% 
10.95 
1 IFc 
21.9 
2 IF, 
The frequency s tep and band commands present  in the Frequency 
Step Counter at any given P R F  period uniquely determine the operating 
frequency of the t ransmit / receive channels. 
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The octave-bands of the LO a r e  provided as continuous wave 
signals to the Frequency Translator where the four respective IF 'S 
a r e  subtracted, producing four paral le l  channels of RF. One of these 
channels is then enabled by the Band Command to enter the R F  Power 
Amplifiers where it is then pulse-modulated. 
500 W amplifiers feed a t ransmit ter  power amplifier of our own design. 
The Granger 10 W and 
Transmitter:  The t ransmit ter  is a c lass  AB, push-pull broad- 
band R F  pulse amplifier using two 4PR-60 vacuum tubes. 
f ier  provides a nominal 18 db gain between 1.5 and 12 MHz. 
t ransformers  at the input and output resul t  in  input and output 
impedances of 50 R and 300 h2 , respectively. 
power output is a b  out 100 W into a matched load. 
pulse at 100 Hz repetition maximum peak power is corona -limited at about 
20 kW. A schematic diagram of the t ransmit ter  power amplier is found in fig. 1-8. 
The ampli-  
Balun 
Maximum continuous 
With the usual 50 IJ. s 
Output pulse parameters :  
P R F  = 100 HI; (50, 20, 10, 5, and 2 Hz a l so  available) 
P. W. = 50vsec (100, 200, 500, and 1OOOpsec also 
Max. Pout peak = 20 kW at 5x10 
available) 
1 10 m s  
-3  5011 s duty factor (- 
Rectangular Pulse  Shape (Rise t ime 1. O p  sec; fa l l t ime 0. 1p sec.  ) 
The amplified R F  from the t ransmit ter  is then applied to the 
transmitting antenna over a n  inexpensive shielded 300 
t ransmission line. 
balanced 
Observingmodes: The Mode Logic unit determines how the 
Frequency Step Counter is se t  to a frequency state. 
mode the flip-flops of this counter a r e  se t  directly to the BCD frequency 
s tep demanded at the given P R F  period by one of six manual digitally- 
coded frequency selectors.  In the Kinesonde mode, the initiation of a 
In the Kinesonde 
tape record causes the antenna commutator to step. A t  the pulse 
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repetition ra te  of 100 pps, the system switches from one of the six 
selected frequencies to the next, and in turn to the four spaced receiv-  
ing antennas, (See diagram, page 13.) Thus twenty-four receiving 
channels a r e  established, and a data r a t e  of - loo echoes per second 
is available in each channel. 
selected by the six dial  assemblies.  
24 
Any six of the 1600 frequencies may be 
Echo selection: Fo r  each of the six frequencies an  indepen- 
dent range gate may be positioned in coherent 10 - p s  steps to select  
the desired ionospheric echo pulse for  digitization. 
Echo parameter  digitization: The echo peak amplitude and R F  
phase within the range gate are digitized for each echo and converted 
to BCD notation. 
4-MHz reference between the leading edge of the range gate and the 
first negative ze ro  crossing of the 50 - kHz undetected receiver  out- 
put (fig. 1-6). 
pulses during the decay-time of a capacitor charged by the full-wave 
detected 50 kHz echo signal within the gate (fig. 1-7).  
The R F  phase is obtained by counting cycles of a 
Echo amplitude is obtained by counting a group of 1 -MHz 
Amplitude and phase, dynamic range and resolution: Receiver 
output is closely logarithmic over 60 db, with 80-db total dynamic range; 
amplitude is digitized in 0. 5 - db steps.  
o r  about 0 .08 r ad  
R F  phase resolution is 4. 5 O ,  
Recording length: Tape records  of any duration from 0 . 5  min. 
to 4.0 min. ( in  0. 5 min. s teps)  a r e  initiated manually. Tape t ranspor t  
speed is 2. 5 in/s. 
Recording format: Three amplitude and two phase digits a r e  
recorded for each echo pulse while the tape moves uniformly. 
tudinal and t ransverse  parity checks a r e  provided. 
in low density, 7- t rack9 IBM tape format,  200  bits/inch. 
four-minute records  may be accumulated on 2400 f t .  $I1 tape. 
Longi-. 
The system records  
About 50 
.. 
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Ionosonde mode: In the ionosonde mode the direct-set  
inputs are disabled and the Frequency Counter advances to  the next 
step when the timing unit determines that the required number of 
frequency repetitions occurred. This can be se t  to 1, 2 ,  4, or  8 
pulses/frequency step. The counter may a l so  be manually incremented. 
From the receiver ,  the video echo pulses are combined with 
frequency m a r k e r s  (every 100th step) and range marke r s  (at 1.5, 
15.0, and/or 150 km of virtual height). 
is then recorded by a 35mm camera  with a date/time capability. 
l inear film motion provides the frequency axis. 
shown in figure 3 was obtained using one of the standard Kinesonde 
receiving dipoles, which a r e  about 18 db inferior to the LPA. 
This mixed video range data 
The 
The sample ionogram 
An auxiliary output of the video mixing unit, together with a 
frequency-analog (s ta i rcase)  voltage is used to provide a real- t ime 
ionogram display on the face of a storage oscilloscope. 
can be retained up to several  hours and is used by the operator in  
setting the frequencies and gates for Kinesonde recordings. 
This display 
Minimum detectable radar  c ros s  section: A standard 
analysis,  assuming 10 kw peak radiated power, t6 db antenna gain, 
-12 db D-region loss ,  leads to 380 me te r s  as the minimum-detect- 
able diameter of a totally-reflecting sphere at 100 km altitude. 
is equivalent to a square target 0. 3 4 ~ 0 . 3 4  km. 
This 
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Technical Details, Principal Kinesonde Sub -units 
Variable frequency synthesizer: The Variable Frequency 
Synthesizer of the Kinesonde (fig. 1-1) contains three decade -related 
sub-units which coherently synthesize the required 1000, 100, and 
10 kHz steps.  
so-called triple -mix frequency synthesis method. 
were  par t s  of the original Granger "Path Sounder"; the original 10 kHz 
unit was constructed by LTIRF. 
by the circui t  constants to make them perform at different frequencies. 
The triple -mix method uses  a n  incoherent s teer ing oscil lator to align 
the desired n-th s tep harmonic of a coherent frequency input with a 
narrow-band fi l ter .  This s teer ing oscil lator in the Granger 1 MHz 
V F S  and 100 kHz VFS changes its frequency in  steps by adding t r i m m e r  
capacitors to its L-C  resonance circuit .  
by switching diodes. 
The three VFS' a r e  basically identical units using the 
The first two units 
The three units differ in principle only 
The capacitance adding is done 
The 1 MHz Variable Frequency Synthesizer provides three 
1 MHz (f1000) s teps  while the remaining two units provide 9 steps each 
of 100 kHz ( f  100) and 10 kHz (fro)., respectively. 
synthesizer provides 399 10 kHz steps from 15 to 18.9 MHz; this f r e -  
quency range is that of the Local Oscillator in Band C (LO,) i. e . ,  the 
R F  (4.05 5 fMHz 5 7.95) plus the IF = 10.95 MHz. 
fLOC = fIF t iflOO() t jf loo t kf10 where i =  1, 2, 3 and 
j , k =  1, 2,  . . . 9. 
LO, , and divided by two and by four for LO, and LO, , respectively. 
A s  f10 appears  at - all frequency steps,  it is obvious that any 
inaccuracies in it w i l l  be reflected in the system's  accuracy and/or 
Thus the complete 
Thus, 
This LO, frequency is multiplied by two to obtain 
noisiness. Furthermore,  inaccuracies between adjacent 10 kHz steps 
can directly affect many of the important measurement  capabilities of 
the Kinesonde which depend directly upon an accurate ,  smal l ,  O f .  
The LTIRF 10 kHz VFS was found to have undesirable charac te r -  
istics, and it was therefore modified during the past year .  
modification is described next in  some detail. 
This 
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10 - kHz unit modification: The original 10 kHz VFS unit 
(fig. 1-2) differed from Granger VFS designs by employing a cur ren t  
variable inductor to change the steering oscil lator frequency. 
resulting circuit  had neither the minimum required long-term stability 
nor the necessary frequency s tep accuracy of 2 . 5  kHz for the following 
r ea  sons: 
The 
- The variable inductor Lz had a fairly high 
temperature  coefficient. 
- The overall  control cur ren t  c i rcui t  had a 
high temperature  coefficient. 
- The control cur ren t  varied with the -12V 
power supply (i. e . ,  not a constant cur ren t  drive).  
- The inductor was reset to ze ro  cur ren t  ra ther  
than to r eve r se  magnetic saturation to take care of the 
hysteresis  of the core.  
- Some 10 kHz steps could be correct ly  
selected only when all six frequencies were  the 
same  (hysteresis  effect). 
- Some 10 kHz s teps ,  even when cor rec t ,  
would produce very noisy system behavior due to 
borderline alignment of the required 10 kHz harmonic 
with the bandpass filter (hysteresis  and temperature  
drift). 
- The whole range of s teps  could shift down 
o r  up by one increment (power supply and/or 
temperature  drifts) .  
Since the original measurement  goals of the Kinesonde, and particularly 
the plans for experiments in France,  depended upon observations a t  p r e -  
cisely-known smal l  frequency differences, design of a new 10 kHz sub- 
component was undertaken. 
5 4  
The new unit is a frequency-modified Granger steering oscillator 
design and is shown in fig. 1-3. 
sufficient temperature  stability; for example 
piston t r immer  capacitors.  To maximize Q of the circuit ,  L1 is an  
air -core inductor with a very low s t ray  capacitance temperature coef- 
ficie nt . 
All components were chosen to give 
Coo - C a r e  quartz 9 
adjusts the gross  oscillator frequency when all other CIS coo 
a r e  OFF'while their  diodes a r e  back-biased. 
occurs with the turning-on of D 
etc,  
The 9th s tep of frequency 
8' 
the 8th with the turn-on of D and D 9' 9 
until all diodes a r e  turned on for  the zeroth frequency step. 
This unit has  shown itself to be rugged, dependable stable and 
accurate.  
ference previously observed on many frequency steps. 
Its use  has  all but eliminated the internal coherent in te r -  
Receiver: The present LTIRF receiver  is a t ransis tor ized,  
frequency-scaled copy of the Granger receiver .  
dual-IF receivers  (one for each band) with a common 500 kHz output to 
another dual-IF, single conversion unit. 
amplitude output is logarithmically compressed over the 80 -db operat-  
ing dynamic range by a forward-biased two-diode network. 
ing output is log-linear (t - 2 db) over a minimum of 60 db. 
'phase' from band to band al ternates  because of the choices of the fixed 
frequency conversions to a r r ive  at the 50 kHz final IF. The reason for 
this is clear  from the following table of IF and Local Oscillator f r e -  
quency choices: 
It consists of four 
The final IF is 50 kHz. The 
The resu l t -  
The sense of 
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Table 1-2 
Frequencies in  MHz 
C 
4.05-795 
15.0 -18.9 
10.95 
10.0 
0.95 
1.45 
Band 
R F  range 
1s t  LO 
1st IF 
2nd LO 
2nd IF 
3rd LO 
3rd IF 
4th LO 
4th IF 
Phase  
D 
8. 1 - 15.9 
20 .0  - 37.8 
21.9 
20.0 
1.9 
1.4 
A 
1.0125-1.9875 
3.75-4.725 
2.7375 
2.5 
0.2375 
0.7375 
B 
2.025-3.975 
7.5-9.45 
5.475 
4.0 
1.475 
0.975 
I I k 
0 .50  
0.55 
0.05 - + 0 + 
It can be seen that in Band B the 2nd LO was chosen to be 
4.0 MHz instead of 5 .0  MHz (for a consistent octave progression).  
This produced a 2nd IF of 1.475 instead of 0.475 MHz; in  turn this 
forces  the production of the 3rd IF by (fIFz - fLO3 ) instead of 
( fL03  - fIF2 
because LO3 is 1 .4  MHz instead of 2 .4  MHz. A better choice of the 
LO3 frequencies would be fLO3 
This would retain a consistent phase sense. 
) as in Band A. A s imi la r  change occurs  in  Band D 
= n(0.2375) i- 0. 5 MHz n=1,2,4,8.  
However, the present  
plan operates  satisfactorily,  once the alternation of phase sense is 
included in  analysis of the data. 
The receiver  t ransient  response is as follows: 
pulse delay N 2 o p s  
total r i s e  t ime E 30 p s  (with 20% overshoot) 
total  decay 6 0 p s  e 
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Signal Input 
l 0 0 u s e c  4V 
cm cm 
2 0 p s e c  4V 
cm cm 
1- 
20psec  IOV 
cm cm 
1- 
20psec  2V 
cm cm 
1- 
Fig.  
Amp1 itude 
Output 
Phase 
output 
Amplitude Output 
10 dB/Step 
Signal Input 
Amplitude Output 
IO dB/Step 
1-5. An I l lustrat ion of the Receiver Transient 
and Dvnam ic ResDonse 
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The dynamic response shown in  fig. 1-4 is produced by 
The r e su l t  is logarithmic compression of the 50 kHz IF output. 
satisfactorily log-linear over the normal operating dynamic range. 
The response va r i e s  somewhat with frequency, within l imits  of t 3 db 
about the best-fitting straight lines. 
steady state 3 db bandwidth of 12  kHz;  the response is approximately 
Gaussian. 
The receiver  has  a measured 
The logarithmically compressed receiver  output voltage 
i l lustrated in  fig. 1-5, ranges from 0 - 8 VDC. After digitization to 
one of 200 levels (o r  'counts!) the effective amplitude calibration of 
the system is as shown in the following table: 
Table 1-3 
Band Freq.  Range (MHz) db/Volt out db/Count 
A 
B 
C 
D 
1 - 2  
2 - 4  
4 - 8  
8 - 16 
7.8 0.28 
8.0 0.29 
7.8 0.28 
7.0 0.25 
Six manual sensitivity positions are available independently for 
each band; they provide approximately 10 db gain per  step. 
of the preceding table apply approximately to all s teps ,  although the 
effective dynamic range decreases  about 10 db per step. 
The data 
Echo phase digitization: The Phase  Detector (fig. I- 6) of our 
design replaced a n  LTIRF detector in 1968 and consists of two NAND 
gates (a and b) and two flip-flops (F1 and F2). 
receiver  output (cp ) appears  at NAND-b input only during the Height 
Gate (HG). The output of NAND-b then runs F1 and F which are 
se t  to the TRUE state by the differentiated leading edge of the HG. 
The coincidence of HG and FZ a t  NAND-c allows 4 MHz pulses to 
appear at the Phase  Counter. 
at the 1st negative-going portion of cp 
The clipped 50 kHz 
2 
The down-going condition of F occurs  2 . This determines the count of 
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the 4 MHz pulse group passed by NAND-c. 
the interval between HG and F2 is  
phase. 
4.5 per phase count. 
The maximum duration of 
for one full period of the 50 kHz 
rotation, o r  1 = -  50 kHz 4 MHz 80 The phase resolution achieved is 
0 
The amplitude-limited, 50 kHz IF phase output of the receiver  
i s  first operational a t  a receiver  output of 0.075 volts, well below the 
receiver noise level at the lowest sensitivity setting. 
measurement is 
1 volt, i. e. a t  about -90 dbm. 
The phase 
however, amplitude dependent up to a n  output of about 
Echo amplitude digitization: The A/D conversion (fig. 1-7) of 
the echo peak amplitude within the range gate i s  accomplished by a 
capacitor which attains a charge proportional to the peak amplitude 
during the range gate. The long time-constant discharge c ros ses  a 
fixed bias level a t  a t ime proportional to the total stored charge and 
thus proportional to the echo amplitude. This t ime window controls 
the number of 1 MHz pulses fed.to a 0-199 counter. The counter's 
value i s  therefore proportional to the 50 kHz IF level. 
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Appendix 11. Antenna System 
Transmitt ing Antenna 
A Vertex-Down Log-Periodic Antenna (VDLPA) was designed 
Experience with various other antennas for use  with the Kinesonde. 
had shown that it was desirable to increase the efficiency and improve 
the multilobing behavior of the transmitt ing antenna, a s  the Kinesonde 
measurements require  a higher signal-to -noise ra t io  than a simple 
ionosonde. The result ing design o f fe r s  significant advantages over 
previously available antennas for ver t ical  Soundings, particularly 
comparing cost  vs. performance. 
In some previous experiments of this type we have used a two-  
plane LPA with its Vertex Up (VULPA). 
significant improvement over the "standard" delta-antenna often used 
in ver t ical  soundings. 
The VULPA was itself a 
The VDLPA and the VULPA were compared using a computer 
program developed by our colleague, Dr.  M. T. Ma. 
the computer program appear in  fig. 11-1. 
VULPA reaches that of the VDLPA (and its own mean value ) at 
2.8 MHz, although both designs have their  longest elements self-  
resonant a t  1.63 MHz. 
observed a l so  in  the full-scale s t ructures ,  occurs because of the close 
proximity of the longest elements to the ground. 
Some resul ts  of 
The power gain of the 
The low-frequency performance degradation, 
The height of the entire vertex-up s t ructure  must be increased 
to about 93. 5m (from 53. 5m) to obtain equal power gain with the VDLPA 
at 1. 63 MHz. 
of 1.75 and the cost  by abaut a factor of 3 .  
This would increase the required tower height by a rat io  
Another defect of the VULPA i s  the inevitable occurrence of 
multiple lobes above 4. 6 MHz (or above 3. 5 MHz with the higher mast) .  
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Figures 11-2 and 11-3 show the: comparison between the power 
gain patterns of these two LPA's in the E- and H-planes, respectively. 
n 
The design of the VDLPA shown in figs, 4 and 5 (Pt, 1) was itself 
a compromise to allow erection on a single mast;  the dipole arrns,which 
ideally should be horizontal, were  declined at an  angle (@ ) of 30°. 
Modeling studies of a 1/50 scale  model (fig. 4 (Pt. 1))with our 
colleague P. Arnold, showed no significant lobe-splitting for @ =  14.25'; 
the B=30° model revealed a 9 db lobe-split a t  9 MHz, Thus some 6370 
of the antenna's design range i s  well-behaved. 
The VDLPA at St. Santin (and another in Colorado) show 
a slow progressive performance decrease at about 6 f 
which appears  to be caused by a deterioriating VSWR, 
computer model does not predict this effect and i ts  cause i s  not yet 
known, 
( 9 . 6  MHz) LO 
The theoretical  
Receiving Antenna System 
Each of the four receiving dipoles (fig. 11-4 ) is made of two 
parallel-connected # l 8  wires  for an effective diameter of 9 inch. 
a r e  self-resonant at about 5 MHz. 
the ground plane reduces phase variations with frequency due to ground 
reflections, a s  well a s  the dipole-dipole coupling but a t  the pr ice  of 
reduced signal power. 
amplifier through a 4: 1 impedance rat io  balun. This configuration tends 
to lower the VSWR on the long (204-meter) coaxial t ransmission line and 
to reduce the effect of signals stray-coupled into the line. 
They 
The low height of the dipoles above 
Each dipole feeds a t 9  db solid-state 0. 5 MHz 
The significance of antenna coupling to the spaced antenna 
experiment, only recently recognized? has received intensive study by 
our colleague L, S. Fedor in the past year .  For  experimental com- 
parison, a method of measuring the lower-bound of the total antenna- 
system isolation was devised. These measurements show ( see  fig. 11- 5 )  
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E - PLANE 
f = 1.63 MHz 
u = 5 mho/m u = 5mho/m 
f = 3.26 M H z  
f = 5.0 M H z  
f = 10.0 MHz 
Figs. 11-2 and 11-3. E- and H-plane calculated power gain 
p (left half of each diagram patterns of the vertex 
vertex down (right ha1 Log Periodic Antennas. 
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H - PLANE 
f = 3.26 MHz 
f = 5.0 MHz 
f = 10.0 MHz 
Fig. 11-3. (See  fig. 11-2.)  
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that the total antenna-system isolation i s  greater than about -60 db at 
all frequencies of operation. 
the cable-cable coupling that l imits the total isolation a t  low frequencies 
as the values found there a r e  all much lower than those predicted by a 
computer program (up to about 6 MHz). Beyond that, the influence of 
the upturned dipole a r m  s, and actual ground inhomogeities,may influence 
the coupling behavior more  strongly. 
The measurements  a lso suggest that it i s  
As expected, a higher isolation appears  between antennas on 
the main diagonals of the a r r a y ,  
Receiving Antenna Commutation 
The spaced antenna inputs to the receiver  a r r ive  at a digitally- 
This switch can controlled four -position Antenna Commutator Switch. 
also contribute antenna channel coupling, analogous to that discus sed in 
the preceding paragraphs.  A channel isolation of 45 db appears  to be an  
acceptable minimum to a s su re  velocity e r r o r s  of less  than 5%- 
The present  Kinesonde Antenna Switch i s  an improved re-design 
of the original unit. 
isolation of three antenna commutators.  The modified vers ion uses  
the same SPST reed  relays a s  those of the original; but an  isolation 
improvement exceeding 24 db was obtained by isolating the output signal 
bus from the four inputs by a copper plane connected to the chassis 
common. 
Figure 11- 6 compares the measured channel 
Another design using SPDT reeds offer a further improvement 
of about 10 db for a total of 75 db channel isolation. 
it a s su res  that all the incoming t ransmission lines a r e  terminated by 
their  cor rec t  impedances, whether switched to the receiver or  not; this 
reduces variations with frequency of the line -to-line and antenna-to- 
antenna coupling by preventing the periodic occurrence of very low 
impedances at the output port of the antenna -amplifier units. 
Of equal importance, 
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Appendix 111. Data Processing 
Kinesonde recordings have been designed from the outset to be 
fully compatible with a general-purpose large computer for speed and 
economy in data reduction. 
trations of each significant step. 
Here we provide a description and i l lus-  
Editing: This program reads  the (BCD) field tape, examines 
each record  for parity, illegal charac te rs ,  and other format e r r o r s ,  
i f  any, adds t ime, date, frequency channel, etc. , information, and 
wr i tes  each record  in  binary form at high density on a permanent tape. 
An example of the editing notes produced for each record  is shown in  
fig. 111-1. It contains a smal l  sample of the numerical  data from the 
beginning and end of the record,  sor ted by antenna and frequency, to 
permit  checks on the plausibility of later resul ts .  This example has  
been chosen to show some of the (relatively infrequent) defects 
recognizable by the computer; the analysis of data from two channels 
of this particular example (four antennas, for frequencies 1 and 2) a r e  
i l lustrated throughout this discussion. 
The amplitude and phase in  any of the 24 channels of each record  
may be plotted by the computer on microfilm. Two such plots are com - 
pared in fig. 111-2 to  i l lustrate the s imilar i t ies  existing in the amplitude 
and phase measured at spaced antennas and spaced frequencies. 
The Fast Fourier  Transform: Several  of the subsequent analysis 
steps employ the crosscorrelat ions among the 24 antenna/frequency 
channels taken in pairs .  The amplitude (A)  and phase (9) define the 
complex amplitude R(t)  = A(t)e icp(t) , and it is this quantity (not A alone, 
as available from ear l ie r  experiments) which the theory of diffraction 
relates to the scat tered wave field in the ionosphere. 
One of the significant advances of practical  mathematics in 
recent  years  is the development of the Fast Fourier  Transform algorithm 
(FFT) ,  with which processes  of Four ie r  transformation and convolution 
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of discrete  s e r i e s  may be performed with great  efficiency by digital 
computers. 
calculate the power spectrum of a discrete  series from the Fourier  
t ransform of the "lagged product" expression for the crosscorrelat ion,  
P r i o r  to the invention of the F F T  it was usual practice to 
(Here,  for simplicity, a dependence upon time t only is shown, 
although i n  our  problem p is 4-dimensional, depending upon the three 
spatial lags ,  x, y, 2.) 
Although we a r e  mainly interested in the function p , with the 
F F T  is is actually now more  expedient to obtain the Fourier  amplitude 
spectrum of the original t ime se r i e s  by d i rec t  application of the F F T ,  
and then to obtain p by a second application of the FFT.  
A typical 4-minute Kinesonde record  includes 24,000 samples of 
amplitude and phase distributed over three pa i r s  of closely -spaced 
frequencies and four antennas. Usually the analysis seeks to obtain 
3-dimensional drifts  at 3 heights, necessitating the calculation of 36 
correlation curves for each frequency pair  (108 in  all), each consisting 
of the correlation for,  say,  50 time-lags. (Fewer a r e  used in the sub- 
sequent 'correloid'  analysis,  but it is not known in advance what the 
character is t ic  t ime-scale of the correlation will be.) If, as usual, the 
analysis employs the complex amplitude, this in  effect doubles each of 
the figures above. In any case,  the F F T  brings this sizable computa- 
tional task into reasonable balance using a fast computer, as the table 
makes c lear  by comparing calculation t imes by the F F T  with the lagged- 
product calculation t imes:  
Correlation Computation Times (CDC 3800), 4-min. Kinesonde Recording 
By Lagged Product By F F T  
Amplitude only 4 1/2 min. 3/4 min. 
Complex 9 min. 3/4 min. 
7 8  
Complex Spectra and Correlations:  The resul ts  of the F F T  
operations a r e  obtainable for inspection on graphs generated directly 
from the digital tape data by a computer-driven optical plotter. 
Figure 111-3 represents  the resu l t  of the first application of the 
F F T  to the complex amplitudes observed at 4 antennas and at two closely- 
spaced frequencies. 
spectra  for each frequency a r e  superimposed in the graphs; the near  
identity of the spec t ra  is a first indication of statist ical  s imilar i ty  among 
the antenna/frequency channels. 
complex auto -correlations,  which a r e  obtained in the next step. 
The four result ing positive (right)  and negative (left) 
This is more  evident from the four 
The bell-shaped curves of fig. 111-4 represent  the amplitude of the 
complex crosscorrelat ions of complex amplitude observed at spaced 
frequencies and spaced antennas. There are n(ni-1)/2 correlations 
among n antenna- 
frequency channels , 
o r  36 in the N 
typical case 
described her  e. 
Each c r o s s -  
correlation is a 
t ime-lag c r o s s -  
section in a p a r -  
ticular spatial  
direction; the 
various directions 
may be visualized 
from the "box" of 
W E 
W E 
the adjacent figure. S 
The top and bottom 
faces represent  the 
4-antenna a r r a y  for the lower and higher members  of a frequency pair .  
Only the diagonals eminating from the west antenna a r e  drawn for c lar i ty ,  
but all possible combinations a r e  employed in the analysis. 
79 
Fig. 111-3. Amplitude Spectra F( 3 1 for negative 
and positive fading frequencies (left and right, 
respectively), for the complex amplitudes of 
echoes a t  two closely-spaced radio frequencies 
(top and bottom). 
131 = 0.026 to 13 radians/second, corresponding 
to l imits imposed by the record length (4  minutes) 
and the sampling frequency (0.24 seconds). Spectra 
for 4 antennas a r e  superimposed in each figure 
providing a n  indication of their  statist ical  similari ty.  
The spectra  extend from 
The spectra a r e  obtained by application 
of the F a s t  Four ie r  Transform to the echo complex 
amplitude - -  in this case ,  to the two time se r i e s  
i l lustrated in f ig .  111-2. 
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I S  I 5 I .*, .*I 
k".... .# L., V. I. I..... .I L., ".a,. 
Fig. 111-4. Complex correlations obtained by applying the F F T  to various antenna- 
frequency combinations of the amplitude spectra  shown in the preceding f i  u r e .  
A total  of 3 6  correlat ion curves a r e  obtained from the t ime s e r i e s  at two f r e -  
Xgure the amplitude and phase angle of the autocorrelations of the complex 
amplitude a t  four antennas, for one frequency, a r e  superimposed. Four very 
s imi l a r  autocorrelations for the second frequency a r e  a lso available, but a r e  
not shown. 
Crosscorrelations";  the four curves  a r e  of course nearly identical, but max i -  
mize at a slightly non-zero t ime lag. 
eight of the frequency-antenna 'diagonal' crosscorrelat ions;  pa i r s  of 
diagonals of the antenna-frequency "box" give distinctly different c r o s s  - 
correlations (bottom right figure). 
uencies and 4 antennas, of which only 16  a r e  shown here.  In the upper left 
The upper right figure r ep resen t s  the "Common-Antenna, Frequency - 
The two bottom figures include a total  of 
a r a l l e l  
"face" diagonals give closely s imilar  curves  (left figure) while the P inter ior"  
82 
$0 JAN 1970 OY-12-00 8 1  S E W ,  FRANCE TAPE K-V  LOG SO. NO. 21 50 JAN 1970 09-12-00 W T  SE~WR. FRANCE TAPE x-Y LOG KQ. NO. 21 
Fig. 111-5. Correloid c r o s s  sections (continuous l ines)  compared with the observed 
Part a, for example, compares  the frequency c r o s s  correlat ions 
correlat ion values from which the correloid is determined, to i l lustrate  the degree 
of f i t  achieved. 
observed at 4 antennas (NESW) ( f i r s t  i l lustrated i n  fig.III-4 upper right) with the 
curve calculated from the best  -fit function. The "common frequency diagonals" 
lie in  the horizontal plane, and so the higher and lower frequencies ( la rge  a n d s m a l l )  
symbols, respectively) each provide data fitting the two orthogonal diagonals of the 
"box" (page 79) .  
"Face diagonal correlations" (lower left) ,  while the four inter ior  diagonals of the 
box are of cour se  "observed" by one antenna-frequency pair  each. 
A s imi l a r  degree of observational redundancy can be seen  in the 
83 
Correloid Analysis: The first statistically rigorous treatment 
of the now classical  "correlation analysis" problem was developed 
during the f i r s t  year  of the present program. It employs the basic 
definitions first laid down by Briggs, Phillips and Shinn (1950) and 
Phillips and Spencer (1955) that identify the drift  velocity of the radio 
echo pattern a c r o s s  the ground as the velocity of a n  observer  who adjusts 
his recti l inear motion so as to observe,  on the average, a minimum of 
echo fading. Other quantities, such as a superimposed random velocity, 
scale size,  anisotropy 
all in the moving echo pattern, a r e  a l so  defined. 
orientation, and lifetime of the i r regular i t ies ,  
Although these concepts are inherently statistical, and have long 
been applied to m o r e  -or -less statistically-valid data samples,  previous 
methods of analysis have fallen far shor t  of a full statist ical  t reatment  
of the problem. 
Spencer showed that the desired quantities could be obtained by 'exact'  
calculation from the various correlations among 3 spaced antennas. 
was implicitly assumed that the experimentally-obtained correlations 
were  exact, and by using only 3 antennas no decisive tes t  of this 
assumption was possible. 
In their  original papers Briggs e t  al. ,  Phillips and 
It 
Gusev and Mirkotan (1960) suggested that the entire mat te r  might 
usefully be escalated to three spatial dimensions, using closely-spaced 
probing frequencies to provide information regarding the vertical  com - 
ponents of motion and structure;  once again, the analysis method was 
conceived a s  an exactly-determined problem. 
of uncertain meaning, have been published from the Soviet work in this 
field. 
Only a very few resu l t s ,  
The statist ical  nature of the problem was discussed very thoroughly 
by Banerji  ( l960),  who showed how the e r r o r s  of determining the various 
wanted parameters  could be related to the covariances among the 
correlations.  
emphasizing the estimation of the degree of independence among the 
Awe (1964) illustrated the mat te r  with some actual data, 
84 
correlation values. 
in the statist ically-rigorous least-squares  treatment of the problem by 
Fedor (1967), which is employed in the analysis of our data. 
correlation curves a r e  taken as the c r o s s  sections of a generalized 
four -dimensional correlation ellipsoid (or  "correloid") of the following 
form: 
A l l  of the foregoing developments were  combined 
The 
V, , V,, V, are three orthogonal components of motion of the correloid 
along its three  principal axes (directions <,., S2, 4, ) of length d,, d,, d, . 
The parameter  b represents  the correlation lifetime of the s t ructure .  
Coordinate transformations relate  these quantities to the North, East, 
and ver t ical  orientations of interest ,  resulting in ten unknown coefficients 
to be determined by least  squares  in such a manner that the resulting 
figure best-fits the observed correlations.  
statist ical  weights to the correlation values determined by their  variance 
and independence. 
coefficients and in turn the confidence l imits for the parameters  of 
interest  a r e  found. The "f i t"  of the final correloid to the correlation 
values from which it was determined is i l lustrated in a s e r i e s  of graphs 
such as the examples shown in fig. 111-5. 
Fedor 's  process  applies 
From this are  estimated the variances of the ten 
The physically meaningful parameters  of the correloid,  together 
with its 10 coefficients, a r e  summarized on a single page of computer 
output as in the example of fig. 111-6. 
tabulation is given in fig. 111-7. 
A key to the content of this 
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The spatial correloid i tself  is visualized with the aid of fig. 111-8. 
If the Kinesonde were  a direct ,  ra ther  than remote probe of the iono- 
sphere,  this figure could readily be taken to represent  the size,  shape, 
and orientation of an  average irregularity;  the application of the analysis 
to ins i tu  probes of other fluids would be an  interesting and informative.  
investigation. 
preted with the aid of scattering and diffraction theory to deduce the 
cor  responding ionospheric properties.  
In the present application the correloid must  be inter - 
Noise Filtering: The Kinesonde has  been designed to a s s u r e  
adequate signal-to-noise performance under most  conditions; more  
than 70 db dynamic range is available for amplitude measurements ,  
with a resolution of 200 steps o r  0.5%. 
magnitude is often present  within the Kinesonde frequency channels; 
even i f  the noise level is low, because we use  the t ime variations (fading) 
of echo amplitude as the 'signal' employed in  crosscorrelat ion,  the 
'signal' to noise ratio may become poor i f  the fading i s  shallow. Thus 
the system digitization e r r o r  of - t 1 count in amplitude has  a far more  
ser ious effect upon shallow fading of - t 10 counts variation than upon 
deep fading of - t 100 counts variation. 
fading is almost  always - slow fading (the converse is not necessarily so) ,  
and the noise may be effectively removed by filtering. 
most  easily applied to the original data ( t ime se r i e s ) ,  but the effect is 
best  judged from its power spectrum in  the frequency domain. 
the (conceptually) simplest  filter i s  the running average,  in which all 
values within a specified "window" a r e  given equal weight. 
several  other simple choices, a r e  undesirable in careful work because 
they pass  "side lobes'' in addition to the desired frequency band. 
employ a digital "RC" fi l ter ,  so- termed by analogy with electr ical  
circuits.  The observed t ime se r i e s  X ( t  ) (which may be complex) may 
be fi l tered to obtain the t ime se r i e s  Y( t i ) ?  
However, noise of substantial 
Fortunately, however, shallow 
The filter i s  
Perhaps 
It, and 
We 
n 
by the relation 
i 
(1 X( tn)  , where a is a parameter  which determines 
n=% 
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2 
= Sin;' (2  IT fc/& ). the band pass  of the fi l ter ,  and is obtained from 
Here,  f is the sampling frequency (4.167/sec. for the Kinesonde) and 
fc  is the desired cut-off frequency. 
f i l ter  i s  proportional to (1 t Q 2 ) - r  where r is the number of passes  of 
a 
4(1-a  
The frequency response of this 
the data "through" the fi l ter ,  and Q = Sin(2* 'If . Figure 111-9 shows 
Sin(2n f c / f )  
the frequency response of this filter for a = $ and for r = 1 ,  2, 4. 
shown is the frequency response of a simple moving average. 
advantages of the RC fil ter a r e  the absence of side lobes, sharp  roll-off, 
and the ability to control the "attenuation" of the filter by multiple 
applications. 
Also 
Evident 
Validation of Correloid Analysis by Computer Simulation: One 
consequence of the prevailing uncertainty of interpretation to which 
spaced-antenna measurements  a r e  subject, is an equal measure  of 
doubt concerning the methods used in analyzing the measurements .  
Doubts of this kind in  fact led from n5ive "similar fades" analyses of 
the observations to the rigorous definitions of correlation analysis 
(Briggs,  Phillips and Shinn, 1950), and it might be argued that a 
correctly-applied correlaticn analysis is - not subject to such doubts 
because of the r igor  of the definitions. However, because the problem 
is inherently statist ical ,  there  remains the possibility that the analysis 
seeks to extract  too much information from the data; the parameters  
wanted might not be distinguishable in a limited data sample. 
more ,  it does not seem mathematically practical  to implement the 
definitions without an  assumed "model" for the form of the correlation 
function employed to summarize the data. 
there  a r i s e s  the possibility that the wanted parameters  (e. g. 
drift  velocity) depend upon the choice of model. 
with a n  ill-advised choice. 
statist ically rigorous form of correlation analysis became available 
(Fedor ,  1967) it was not pract ical  to deal objectively with doubts about 
the applicability of the principles. 
Further  - 
Immediately, therefore,  
the mean 
Clearly they might, 
Finally, we may repeat that until a 
89 
90 
0 
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We have therefore undertaken a study (Pitteway, Wright and 
Fedor ,  1971) to test these questions. We constructed model records 
of complex amplitude at four spaced antennas by summing the sca t t e r -  
ing from a statistically large number of randomly-located i r regular i t ies  
moving at the same "height". 
illuminated by a 'point source'  t ransmit ter  located near  the receiving 
a r r ay .  Fo r  
example, in  some cases ,  the velocity of the sca t t e re r s  varied randomly 
(and independently of one another) around a mean value during the 
sequence; in  other cases ,  each i r regular i ty  maintained a constant 
velocity which bore a random relationship (again around a mean value) 
to the others.  In still other cases ,  the random variations were  intro-  
duced with respect  to a 'mean' which changed linearly during the 
sequence. 
could be varied. 
In most  cases ,  the sca t t e re r s  were  
Various kinds of random and steady motion were  tested. 
Such parameters  as the ra t io  of mean to specular signal could 
The fading records  synthesized in this manner were  then sub- 
jected to the correloid analysis procedure described in the preceding 
section. Our principal conclusions are: 
1) The expected 'point-source' effect is recovered in  
all cases  by correlation analysis of the fading; the effect is 
not "lost" somehow, in the random motions o r  in  the 
statistical e r r o r s  of the analysis. 
2)  The mean velocity is found, in all cases ,  with 
good fidelity, even when it requires  a ra ther  special  
de.finition. Thus for example, when the "mean" velocity 
increases  from 50 - 9 0  m/s  in one se r i e s  of tes t s ,  
correlation analysis deduced a value of 71 - t 20 m/s .  
resu l t  i s  particularly applicable to interpreting r ea l  data, 
where it mus t  be recognized that what is averaged in the 
mean depends entirely upon what i s  allowed to come into 
it: t rue  stationarity does not exist  in nature. 
This 
a 
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3 )  Realist ic es t imates  of the confidence l imits 
on the parameters  found by Correloid Analysis, a r e  
obtained. 
the estimated velocity to increase above the t rue  mean 
as the random component increases ,  but the confidence 
l imits increase still more  rapidly to include the t rue  
value (fig. 111-10). 
There is a tendency, in  some models, for 
4) The estimated random velocity increased 
systematically with the "amount" of randomness intro-  
duced, but the relationship was different for different 
kinds of randomness. Thus, the analysis method is not 
likely by itself to define the nature of the randomness in 
the ionosphere, but it does provide a quantitative measure 
of it. 
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Appendix IV. Some Considerations Regarding Applicable Theory. 
Although theoretical foundations exist for most aspects of this sub- 
ject, no continuous treatment has yet been attempted for the entire prob- 
lem. 
difficulties or  to limited physical models. Nevertheless, the initiative 
l ies,  a t  present, with experiment to reveal agreement or  disagreement 
with the available body of theory. The following table references the rele-  
vant theoretical work, in one plausible sequential order ,  and notes signifi- 
cant deficiencies, some of which a r e  discussed more fully below. 
Several very unsatisfactory gaps persist ,  due in part to mathematical 
Topic 
Radio Scatter - 
ing 
Diffraction 
Analysis of 
0 bs e rvations 
Ionospheric 
Ir r e gular ity 
Motions 
Relevance 
Makes density 
fluctuations 
detectable. 
Modifies and 
conveys fluctu- 
ation informa - 
tion to the 
observer.  
Provides 
quantitative 
parameters.  
Guides inter - 
pretation of 
results.  
Major Difficulties 
a )  singularities near 
total reflection. 
b) anisotropies of irregular - 
ities and due to propagatim 
a) resu l t s  exist mainly for 
limiting cases of induced 
pha s e fluctuations and ir r e g- 
ularity scales. 
b) continuous waves (not 
pulses) usually treated. 
a )  appropriateness of 
parameter definition. 
b) allowance for effects 
of antenna coupling. 
c )  3-dimensional analysis 
of complex amplitude. 
a )  identification of i r regu-  
lari t ies a s  waves o r  other 
density fluctuations. 
b) identification of motions 
a s  winds, waves, o r  com - 
bi nati on. 
m edium mea sur ed: plasma 
alone, neutral atmosphere 
alone, o r  combination. 
d) description of plasma 
and ionized -ir r e  gularity 
flow in medium with 
electric, magnetic, wind, 
and turbulent fields. 
c )  identification of the 
Re fe  rence s 
Pitteway (1958) 
(1960) 
Herlofson (1947) 
Booker, e ta l ( l950)  
Ratcliffe (1956) 
Salpeter (1966) 
Orhaug (19 65) 
Mercier (1962) 
Briggs, e t a l (  1950) 
Fedor (1967) 
Dougherty (1960) 
Kat0 e t  a1 ( 1970) 
Hines ( 1964) 
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Radio Scattering: The principal- problem is to describe adequately 
the way in which the illuminating radio wave interacts  with spatial  
fluctuations of electron density to produce fluctuations in the echo. 
Since in these experiments the ionosphere is always examined remotely 
(typically at a distance of 1000 radio wavelengths), diffraction effects 
a r e  always important; many authors ignore the scattering problem 
altogether, suggesting that the scat tered field may be simply described 
near  the ionosphere, for  example by its angular power spectrum o r  by 
its Fourier  t ransform,  the spatial  autocorrelation function. In fact, 
many authors suggest that the spatial  autocorrelation of phase within 
the field near the ionosphere should be identical to the spatial  auto- 
correlation of the electron density fluctuations. 
fraction calculation can operate upon this description of the field at the 
ionosphere to descr ibe the resu l t  at the ground, and it is t rue  that the 
scattering process  need not be considered in detail simply to se t  up 
instructive diffraction problems. 
diffraction calculation depends upon what is put into it. 
fact that all conceivable scattering mechanisms might lead to a smal le r  
number of field descriptions near  the ionosphere, the problem remains 
to perceive the features essential  to the actual scattering process .  
The subsequent dif- 
However, what one obtains from a 
Despite the 
, Some insight concerning the unsatisfactory state of the theory i s  
perhaps given by the following simple ray-theory argument. 
The scat tered power is considered to be proportional to the 
mean -squar e fluctuation of dielectric constant, 
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In the ionosphere, neglecting the geomagnetic field and collisions, 
is the where a is the radio frequency and do - 
plasma frequency dependent upon electron density N. Thus, 
This suggests that electron density fluctuations located near  
the total reflection level, where do+*, are much more  heavily 
"weighted", more  effective in  scattering the incident wave, than 
those located elsewhere. 
argument fails at and near  the 'singularity' jjo+a, it probably 
indicates in more  than a simply qualitative way, how the 
scattering var ies  with proximity to the total reflection level. 
While it must  be acknowledged that this 
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We may go further,  and relate  the 
scat tered power to the angle of 
incidence on the layer,  for simple 
reasoning shows that the wave does 
not reach the singularity except at 
normal incidence. 
wave incident at a n  angle €3 to the 
ver t ical  (assuming a plane parallel  - 
stratified i.onospher e )  becomes 
horizontal (i. e.,  is 'reflected' at) a 
plasma frequency level where 
a0 = w cos 8 ,  as il lustrated in  the 
adjacent sketch. Combining this 
relationship between wo, a, and e , 
with the resu l t  above, we obtain an 
By Snell's law, a 
expression for the dependence of scat tered power on angle of incidence, - - ~ ~ ~ ( 5 ) " ~  (..) AN Cot4e. 
For a given magnitude of fluctuation @ , therefore,  the scat tered power N 
due to  the wave from a point source should be a very rapid function of 
distance from the "overhead" location. A s  shown by the adjacent graph, 
\ 
40 
db 
>ps 
at 
r0 
10 
0 
based upon the above expression, 
-10 stronger fluctuations beyond. 0 . 5  1 . 0  
r o ,  First Fresne l  Zone 
the scat tered power var ies  by 40 db 
over the outer 90% of the 1st 
F resne l  zone, assuming a constant 
value for - AN N '  
a spectrum of fluctuations AN -
exists,  we might expect that even 
very weak i r regular i t ies ,  ( smal l  
compared with the 1st  Fresne l  zone 
radius ( = 3 . 3  km for 1 MHz at 100 km))  
could be more  effective than much 
Alternatively, i f  
N 
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Diffraction: Typically, the diffraction solution descr ibes  the 
relationship to be expected between the phase fluctuations (magnitude A?, 
scale  D) attributable to electron density fluctuations (magnitude AN, 
scale d) ,  and the amplitude and phase fluctuations measured at the 
ground. In our experiment, amplitude (A) and phase ( 4 ) a r e  each 
measured,  and our "Correloid Analysis" separates  the mean drift  of 
the diffraction pattern from its random fluctuation, giving a l so  the 
spatial  scales  (D) of amplitude and phase in the pattern. 
the "scintillation index'' 
In addition, 
- - 4 -  A - (A2 l2 
and the variance of the phase, 
may be calculated directly from the Kinesonde observations of A and 
cp . 
to cp , for the recordings take no measure  of the number of phase 
rotations occurring during the observing interval, but only of the 
instantanious fractional par t  of each rotation. 
successive phase differences in the recordings,  it is possible to recon-  
s t ruc t  the number of full rotations occurring during the recording; this 
has  been done in the examples shown in figures 7 and 111 - 2. Now 
what diffraction theory relates  a r e  the magnitudes of S, Acp, cpo, D, d, 
and distance from the ionosphere (h). If we a r e  to make use  of cpo we 
must  be cer ta in  to include in it all of the relevant variations of cp but 
none of the i r re levant  variation as,  for example, a doppler shift due to 
ver t ical  motion of the ent i re  ionosphere, o r  a phase-path change due to 
large-scale  changes of electron content. 
i s  relevant: very  slow variations of cp , of large magnitude, may be 
However, two precautions are necessary,  particularly with regard  
By noting the signs of 
The problem is to decide what 
99 
associated with the smal le r  -scale fluctuations of amplitude, but the 
internal evidence alone, in a single example, cannot prove it. 
s ta t is t ical  answer will be attempted from the present  experiments,  
to identify which par t  of the observed phase variation leads on the 
average to the best  adherence to the relationships predicted by dif- 
fraction theory. 
A 
Analysis of Observations: The procedures we have developed to 
t r e a t  Kinesonde data seem adequate to se rve  most  of the questions 
presently seen. 
is based upon a n  assumed model for the form of the space-time 
correlat ion function, the measurements  heavily over -determine the 
solution, and measu res  a r e  thereby obtained of the extent to which the 
observations f i t  the model. 
Residuals" from 362 independent E-region calculations plus 49 F-region 
calculations performed to date on Kinesonde recordings made in France ,  
is shown below. 
Although the principal process ,  Correloid Analysis, 
A histogram of the "Root Mean Square 
20 
111 
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The median RMSR is about 0.03. Examination of the other 
parameters  found during the calculations suggested that the calculated 
e r r o r  of velocity, for example, is l e s s  than 10% when the RMSR is 
less than 0.03. 
with cases  of poorly-determined correlations (i. e. , when the amplitude 
fluctuations a r e  slow o r  shallow), when the correlations a r e  inconsistent, 
o r  when the form of the correlation curves is obviously "non-gaussian". 
The latter situation is mos t  c lear ly  indicative of an  unappropriate model; 
it occurs  i n  l e s s  than 1/3 of the E-region cases ,  and in perhaps half of 
the F-region calculations. 
The RMSR values la rger  than about 0 .04 a r e  associated 
In a n  alternative o r  extension to Correloid Analysis we may 
examine the phase velocities of the spectral  components of the fading 
separately. 
appear in the fading, its spectrum o r  its correlation function, and may 
lead to additional parameters  when the "phase velocity'' var ies  strongly 
with frequency. 
This procedure i s  c lear ly  indicated when periodicities 
Ionospheric Irregularity Model: Throughout the main par t  of the 
ionosphere (below the F-region peak) the ionization is never as much as 
0. 1% of the neutral  density. 
processes  of the ionosphere have their  origin in the dynamics of the 
neutral  air, and it would be observationally convenient i f  the weak 
ionization fluctuations by which the Kinesonde measures  motions were  
simply convected by the neutral  air motions: 
invoking "Taylor 's  Hypothesis'' to justify using the ionization fluctu- 
ations as t r ace r s .  
altitudes, but there  a r e  numerous reasons for not counting on it 
throughout most  of the ionosphere. 
types: those a r i s ing  from electr ical  polarization of the medium (due 
to differing ion-electron d rag  against  the neutrals in  the geomagnetic 
field), and those a r i s ing  from the possibility that the "irregularit ies" 
a r e  actually associated with atmospheric wave motions so that the 
This suggests that the principal dynamic 
This corresponds to 
This may yet be justified, at leas t  for the lower 
These reasons a r e  of two basic 
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observed velocities a r e  phase velocities ra ther  than those of m a s s -  
transport .  
description, and the possibility that they might occur in combination 
has received only preliminary treatment. The most  comprehensive 
study of the pecularities of ionized i r regular i ty  motion (Dougherty, 
1960) is at the same t ime a treatment most  c lear ly  in a form appro- 
priate to interpretation of the Kinesonde experiment. Unfortunately, 
it concludes that there  can be no conclusions, above about 90 km, 
except that even the motion of "convected turbulence" should uncouple 
from the neutral  air motion in  and above the dynamo region. 
upper E and the F regions, the problem becomes dependent upon the 
processes  producing the density fluctuations, which leads to the con- 
sideration of atmospheric waves as one plausible source. This has 
recently been done by Kato, e t  al. (1970); they reach the significant 
conclusion that the plasma density i r regular i ty  may move with - the 
neutral  i r regular i ty  under ra ther  general  conditions. 
Neither type of problem has yet a thorough theoretical  
In the 
The problems a r e  clearly at a stage where theory demands some 
guidance from experiment - -  in  fact ,  they have been there  for many 
years .  
comparative measurements between the Kinesonde technique and 
independent measurements of neutral  winds and ion drifts;  it is addition- 
ally required that the measurements extend over a substantial range of 
altitudes (and that the altitudes be accurately known). 
mental objectives correspond exactly with those of the collaborative 
measurements  made by the Kinesonde, Meteor Radar,  and Thomson 
Scatter systems in France during 1970. 
The cr i t ical  experimental input to the problems is a se r i e s  of 
These experi-  
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